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(54) An optimal high recovery, energy efficient dual fully Integrated nanof titration seawater reverse 
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(57) An optimal seawater reverse osmosis (SWRO) 
desalination process is disclosed, which combines two 
or more substantially different water pretreatment proc- 
esses in a unique manner and in a special configuration, 
hereto unknown to prior desalination arts, to produce a 
high yield of high quality fresh water, including potable 
water. In this process a two stage NF membrane pre- 
treatment unit (NF 2 ) with an energy recovery turbo charg- 
er (TC) device in between the stages is synergistically 
combined with at least one of two stage SWRO (SWR0 2 ) 
desalination unit with an energy recovery TC in between 
the stages to form a dual hybrid of NF 2 - SWR0 2 or al- 
ternatively the two stage NF 2 unit is synergistically com- 
bined with one stage SWRO unit utilizing high pressure 



tolerance SWRO membranes (up to 85 bar) with an en- 
ergy recovery turbocharger in between the membranes 
assembly and high pressure pump or pressure exchang- 
er (PX) energy recovery system. In a third arrangement 
the two stage NF unit is synergetically combined with one 
stage SWRO unit and with part of the SWRO reject re- 
cycles part of the SWRO reject as feed to the NF units. 
The SWRO unit itself is equipped with energy recovery 
TC or PX system which not only allows for lowering of 
energy consumption, but also the delivery of recycled 
SWRO reject, and blending it with seawater feed to the 
NF unit In term of energy saving, the use of PX energy 
recovery system is much superior to that of TC by about 
20 to 29%. 
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Description 

Field of Invention _ 

5 [0001] The invention deals with an optimal (the term optimal shall be used here-in-after to refer to this present optimal 
seawater desalination process of this invention) energy efficient NF 2 .SWR0 2 or NF 2 - SWR0 1t see later discussion, 
process having the highest possible water recovery presently available from pretreated seawater feed or seawater beach 
wel) feed or other aqueous solution feed, where the feed is characterized by having high concentration of : (1) TDS in 
the order of 20,000 to 50,000 ppm, and (2) scale forming hardness ions (i.e., S0 4 =, Ca++ Mg ++ and HC0 3 * ) as shown 

10 in Table 1 , as well as (3) it contains certain degree of turbidity and bacteria, especially if the feed is taken from an open 
seawater intake. This is achieved by having each of the dual NF-SWRO process and equipment fully integrated and 
each of the NF and SWRO units is operated in two, again fully integrated, consecutive stages to form an NF 2 -SWR0 2 
with energy recovery turbocharger in between the stages (see Fig. 1 ). 

[0002] The NF unit, depending on type of NF membrane, is operated at a relatively low feed pressure (P) of P = 25 

is ±10 bar at first NF stage and about 35 ± 1 0 bar at the second NF stage which is less than the pressure used to operate 
the SWRO unit in which the first stage SWRO is normally operated in conventional SWRO set-up at a P = 55 ± 10 bar, 
while second stage SWRO unit is operated utilizing the energy recovery turbocharger device to recover energy from 
reject and use it in boosting feed pressure to the second stage SWRO unit up to P « 90 ± 10 bar, utilizing in this 2 nd 
stage the newly developed commercial high pressure tolerant SWRO membranes, Masaru Kurihara, et al, Desalination 

20 1 25 (1 999) 9-15) or equivalent high pressure SWRO membranes, newly developed by other membrane manufacturers. 
[0003] Alternatively, as shown in Figs. 2a and b, the SWRO unit is operated in one stage at high pressure, utilizing a 
high pressure tolerant membrane up to 84 bar, such as Toyobo HB type membrane, (Goto, T., et al, progress in SWRO 
technology, The International D&WR IDA Quarterly, 2001 , Vol. II/ p. 31 -36),. Still, athird configuration, a dual desalination 
system operation of NF membrane assembly (2 stages) -SWRO (1 -stage), with recycling and blending of one part of 

25 SWRO reject with seawater feed to NF unit, and operation of the SWRO unit at about P= 65 ± 5 bar (Figs. 3a and b). 
The recycled SWRO reject although high in salinity, however, its content of hardness ions especially the coanions of 
S0 4 - is drastically reduced to a very small fraction of that in seawater. Through this optimal process, for example, the 
normal SWRO membrane recovery from the conventional single SWRO process of about 25 to 35% as applied to Gulf 
Sea or Red Sea water (TDS « 45,000 ppm) can be raised to 56-70% or better. This equipment arrangement and the 

30 dihybrid N F 2 -SWR0 2 or NF 2 - SWR0 1 processes yield an overall combined water recovery ratio from the NF and SWRO 
units, for example from Gulf seawater, in the order of 53% or better (up to 57%) (Figs.1 , 2,3) rising to about 60% or 
better from a trihybrid of NF-SWRO-thermal when the reject from SWRO is made make-up to a thermal unit linked to it, 
compared to only 25 to 35% by the conventional single SWRO desalination process whether membrane or thermal 
type , for an increase in water recovery in the range of 50% - 100%. This recovery is also greater than that from our 

35 previously developed, the fully integrated NF-SWRO or N F-thermal processes, where each of the NF and SWRO consists 
of one single stage only without energy recovery system, Hassan A.M., U.S. Patent 6,508,936, January 21, 2003. By 
this optimal seawater desalination process, each of the energy requirement and water production cost per unit water is 
reduced by better than 30%. 

ao Description of the Prior Art 

[0004] Many countries have considered desalination of saline water, especially seawater, as a source of fresh water 
for their arid coastal regions or for regions where water sources are brackish or have excessive hardness. Typical areas 
where desalination has been considered or is in use include Guff countries and other Middle Eastern countries: Southern 

45 California In the United States; Mediterranean Arab countries of Libya, Algeria and Egypt; Europe mainly Spain, Malta 
and Cyprus; Mexico and the Pacific coast countries of South America. Similarly, islands with limited fresh water supplies, 
such as Malta, the Canary Islands and the Caribbean Islands, also use and are considering desalination of seawater 
as a fresh water source. Fresh water from the sea now represents over 70% of drinking water in Saudi Arabia, United 
Arab Emirate. Nearly 100% of drinking water in both Kuwait and Qatar is derived from desalinated seawater 

so [0005] The conventional SWRO commercial desalination processes consisted of feed pretreatmentto remove turbidity, 
mainly suspended matter and bacteria and the addition of antiscalant, normally acid followed by passing this pretreated 
feed at high pressure, 55-82 bar (800 to 1200 psi), to separate the feed stream into a product (permeate) and reject 
(concentrate). In many of the older SWRO plants, a separate second stage brackish water RO unit is included to bring 
down the salinity of the product from the first stage SWRO unit to drinking water salinity standards. This conventional 

55 process, which is in use in many of the early built plants (up to mid nineties) however, has high energy requirements 
per unit of desalinated water product and have been operated at relatively low yield, typically from Gulf seawater from 
25% with two stage SWRO unit to 35% with one stage SWRO or less based on feed. They have, therefore, been 
economical only for those locations where fresh water shortages are acute and energy is available and its cost is 
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considered (although artificially) low. This is also true of thermal processes such as MSFD and MED. While desalination 

plants have also been used in other areas such as California, the use has generally been in times of drought or as 
standby-or supplemental sources of fresh water when-other sources are-temporarily-limited-or-unavallable-ln-many— 

locations, where natural water resources are moderately available, current desalination processes cannot compete 
5 effectively with other sources of fresh water, such as overland pipelines or aqueducts from distant rivers and reservoirs 

such as in Southern California. 

[0006] However, because there is a vast volume of water present in the oceans and seas, and because direct sources 
of fresh water (such as inland rivers, lakes and underground aquifers) are becoming depleted, contaminated or reaching 
capacity limits, all those factors combined with the increase in world population without a major increase in natural water 

10 resources such as the case in Middle East countries, especially GCC Gulf countries, there is an extensive research 
underway through the world for an economical process for desalination of saline water, and especially of seawater. 
Indeed, this approach is developing into the ultimate goal for satisfying the rising water demand for many countries with 
acute water shortages now or in future and, in a way is considered as a major and blessing cause for bringing peace 
among nations, which otherwise will have major disputes over the limited water resources exists within their borders. 

is [00071 As mentioned earlier, available and in use now are several commercial seawater desalination processes. The 
thermal multistage flash distillation is one of the two major desalination processes now used worldwide. Alone, it accounts 
for about 41% of total world desalination capacity as compared to about 44% produced by the reverse osmosis (RO) 
process. The rest (15%) is produced by a variety of processes, primarily electrodialysis (ED), multiple effect distillation 
(MED) and vapor compression distillation (VCD); Wangnick Klaus, 2000 IDA World Desalting Plants Inventory, Report 

20 No. 16, International Desalination Association (May 2000) . Saudi Arabia is the leading user of MSFD and the United 
States is the largest user of the RO process. All MSFD, MED and VCD processes are used exclusively in seawater 
desalination, while ED is applied mostly in brackish water desalination and pure water preparation. The RO process, 
however, is a multi saline water desalination process. It is applied to both seawater and brackish water feed but In the 
past its application was primarily in brackish water, drinking water and in pure water preparation. More recently, however, 

25 SWRO desalination has become more common and used worldwide utilizing relatively large plants of 10 or over 15 
million gallon/day (mgd) [39-57 million liter/day (mid)] plants. 

[0008] Desalination of seawater must take into account important properties of the seawater itself: (1) type, concen- 
tration and total hardness ions, (2) salinity (ionic content and total dissolved solids (TDS)) and (3) turbidity, the presence 
of suspended particulates and microorganisms as well as other large particles. These properties Interfere with desalination 

30 system and determine plant performance (product yield, recovery and quality). In particular, scale forming hardness 
ions and their coanions, which are sparingly soluble, place limits, for example, of 25%-35% or less on the amount of 
fresh water yield that can be expected from prior art seawater desalination processes, for example, from Gulf and Red 
Seaseawater. As represented in Figure4,seawater desalination processes whethermembraneorthermal are separation 
concentration processes leading to separation of the feed stream into a clean fresh water product stream of potable 

35 water qualities and a reject stream having high concentration of pollutants; TDS and hardness ions. This separation/con- 
centration process is the cause leading to the four major problems encountered into the seawater desalination processes. 
These are summarized with their causes in Figure 5: (1 ) scaling, (2) high energy consumption, (3) fouling (4) corrosion 
enhancement. Because of the hardness ions very low solubility, and the fact that CaS0 4 solubility decreases with rise 
in process temperature, the increase in hardness ion concentration in the brine, places severe limit on desalinated water 

40 recovery (25 to 35% or less from Gulf seawater, TDS « 45,000 ppm) from the various conventional seawater desalination 
processes whether thermal or membrane type. 

[0009] Reference is made in this application to °saline" water, which includes seawater from seas, e.g., Gulf; Red 
Sea, Mediterranean and Oceans, water from various salt lakes and ponds, high brackish water sources, brines, and 
other surface and subterranean sources of water having ionic contents, which classify them as "saline" as shown in 
45 Table 1 . This can generally be considered to be water with a salt content of £20,000 parts per million (ppm) or greater. 
Since of course seawater has the greatest potential as a source of potable water, this application will focus on seawater 
desalination. However, it will be understood that all sources of high salinity, especially high hardness, saline water are 
to be considered to be within the present invention, and that focus on seawater is for brevity and not to be considered 
to be limiting. 

so [0010] The performance and product recovery of seawater desalination plants (thermal and SWRO plants), as men- 
tioned earlier, are severely limited by the three previously mentioned problems, which are all related to seawater quality 
and its material contents: (1) turbidity, (2) TDS and (3) total hardness ions in the water feed. Turbidity when present in 
feed is caught especially on the membrane, which could lead to membrane fouling. Biofouling occurs when bacteria is 
also present with turbidity in the feed, i.e., suspended solids, which provides feed to bacteria. In RO the feed osmotic 

55 pressure increases with the TDS. From the principles of RO the applied pressure is (1) partially and necessarily used 
to overcome the osmotic pressure and (2) only the remaining part of this applied pressure, which is the net pressure 
(P neJ ) driving the permeate (product) through the membrane. The lower the osmotic pressure-can be made by reducing 
feed TDS, the greater the net water driving pressure, and therefore the greater the amount of pressure available to drive 
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the permeate water through the membrane (Figure 6), which also has the added advantage of producing a higher quantity 
of product of higher quality. 



Table 1. Typical compositions of Gulf Water, Ocean Seawater and other seas seawater 



5 


Constituents 


Gulf Seawater 


Mediterranean 


Ocean Seawater 


North Sea 




Cations (ppm) 




Sodium, Na + 


13,440 


11,660 


10,780 


5,973 


10 


Potassium, K + 


483 


419 


386 


200 




Calcium, Ca++ 


508 


441 


408 


232 




Magnesium, Mg++ 


1618 


1,404 


1,297 


738 




Copper, Cir" 


0.004 








15 


Iron, Fe^ 


0.008 










Strontium, Sr+ + 


1 




1 






Boron, B+++ 


3 




0 




20 


Anions (ppm) 




Chloride, Cr 


24,090 


20,900 


19,360 


11,000 




Sulfate, S0 4 = 


3,384 


2,936 


2,702 


1,545 


25 


Bicarbonate, HC0 3 - 


176 


153 


143 


80 


Carbonate, C0 3 = 












Bromide, Br 


83 


72 


66 


38 




Fluoride, F* 


1 




1.3 




30 


Silica, Si0 2 


0.09 










Other Parameters 




Conductivity 


62,000 










pH 


8.1 




8.1 




35 


Dissolved oxygen (ppm) 


7 




6.6 






C0 2 


2.1 




2 






Total Suspended Solids (ppm) 


20 


S>20 


; £20 


£20 


40 


Total Dissolved Solids (ppm) 


43,800 


38,000 


35,146 


20,000 




Total Bacteria count 


Variable 


Variable 


Variable 


Variable 



[001 1 ] High level of the sparingly soluble hardness ions in the feed has the greatest damage by limiting the fresh water 
45 recovery, since rise in recovery beyond the hardness ions solubility limits leads to the formation of the more of a disastrous 
scaling effect, with a precipitous decline in plant performance. 

[0012] In summary, the seawater desalination plant scaling along with their high energy requirements and fouling 
constitute the three major problems in seawater desalination. Corrosion is the fourth major problems in seawater desal- 
ination and its formation is enhanced by the high salinity and high chloride content in seawater. Principal and main 
so objectives of this invention are in developing an efficient, seawater desalination process and method which not only 
overcome those problems, but leads to establishing an optimal, high efficiency seawater desalination process and 
equipment. 

[0013] Raising of the SWRO plant water recovery ratio should leadto a reduction in unit water production cost, because 
this unit cost Is figured out by dividing the total water production cost by the quantity of product. The larger is the water 
55 recovery ratio the greater is the quantity of product and simply the lower is the unit water cost. In a water cost strategy 
meeting of the main Japanese desalination experts (Scientists and Engineers) held at the Water Reuse and Promotion 
Center, Japan, it was concluded that the optimum reduction in water production cost can be realized, from ocean water 
feed to SWRO plants (TDS = 35,000 ppm), at the SWRO water recovery ratio of 60% (i.e., SWRO reject TDS = 88,000 
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ppm, and in order to maintain this TDS value in SWRO reject of Gulf seawater (TDS « 45,000 ppm) the corresponding 
optimum water recovery ratio value from Gulf seawater should not exceed 48%. High water recovery ratio could lead to 
thejfisastipu^ 

water recovery is cancelled by the increase in cost of applied pressure required to overcome the very high rise in osmotic 
5 pressure (see earlier reference under Goto, et al). Because of the removal of the hardness scale forming ions and the 
reduction in feed TDS caused by the present NF 2 „SWR0 2 invention, much higher SWRO recovery can be obtained by 
the combination of NF (2 stages) with two stages or one stage high pressure SWRO operation. Raising of SWRO 
recovery by this invention is, as mentioned earlier, a major advantage of the present system. Through this development, 
I am striving to develop an optimal dual NF 2 -SWR0 2 desalination method or NF 2 -SWRO 1 stage (Figs. 1 , 2 and 3) that 
10 exceed in efficiency and water recovery ratio all prior art methods, and definitely should allow for lifting of the optimum 
SWRO water recovery ratio from ocean feed up to 80% or better. 

[0014] The above remarks are vividly illustrated in Fig. 7 where product water recovery of 80% was achieved at the 
pressure of 70 bar. Both the product flow and water recovery from SWRO unit operated on NF product are double those 
obtained under same operating conditions from same SWRO pilot plant when it was operated on seawater feed without 

« NF pretreatment Permeate starts to flow at an applied pressure of about 1 5 bar and some times less when the SWRO 
unit feed consists of NF product as compared to double this value when the feed to SWRO unit consists of seawater 
(Fig. 7). Additionally, the product water quality is far superior when the SWRO unit is operated on NF product than when 
it is operated on seawater, where in the latter case unlike in the former case, the product water requires further treatment 
through brackish RO unit to bring its quality to drinking water standards. 

20 [001 5] This process is equally applicable to conventional thermal seawater desalination processes, which is discussed 
elsewhere in a separate patent application, by the formation of the following hybrids: 



NF (2 stages) -thermal, and NF2 -SWRO2 reject -thermal, 

25 

where the reject from the NF product feed SWRO unit of one or two stages, constitutes the make-up to the thermal unit 
of MSFD or MED or VCD or RH unit. This Is another major advantage of the present NF 2 - SWR0 2 Invention wherein 
in the SWRO reject is very low In hardness and thus can be utilized as already demonstrated as make-up to thermal 

30 plants without use of antiscalant, US 6,508,936, January 2003. 

[0016] In the past, various types of filtration or coagulation-filtration systems have been used for treatment of water 
and other liquid solutions and suspensions for removal of particulate matter (T able 2). Addition of antiscalant is utilized 
to assist in preventing formation of scale and, therefore, the lifting and raising, up to a limit, of the water recovery ratio. 
But In spite of this conventional pretreatment to remove turbidity and addition of antiscalant, fresh water recovery ratio 

35 is still limited for example in conventional desalination of Gulf SWRO to 25-35% or less. 



Table 2. Pretreatment and Quality Requirements of SWRO Plants Feed Taken from an Open Sea (Surface) 

Intake 



50 



Seawater Characteristics 


SWRO 


High turbidity (TSS, bacteria, etc.) 


Requires complete removal and/or disinfection 


High degree of hardness of (Ca+\ Mg++, S0 4 =,HCO- 3 ) 


Requires (alt seawater desalination plants, membr/ane 
other thermal): 

♦ Removal or 

♦ Inhibition of precipitation by: 

- addition of antiscalant and 

- operation at correct condition 


High TDS 


Lowering of TDS 

♦ Lowers energy wasted to overcome osmotic pressure 

♦ Lowers hardness content of feed 

♦ Increases recovery ratio 

♦ Lowers energy requirement/m 3 

♦ Lowers cost /m 3 
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[0017] In a more recent approach in removal of fine particles with sizes less than 2 micrometer (jtm), microfirtration 
(M F) or ultrafiltration (UF) are used. The low pressure reverse osmosis (LPRO) or brackish water RO (BWRO) membranes 
(see below) were employed also ahead of the SWRO pretreatmentrThe MF membrane pretreatment is used to remove- 
particles having sizes in the range of 0.08-2.0 jim. The UF membrane process is more effective for the removal of finer 

5 particles having sizes in the range of 0.01-0.2 \im and of molecular weight (MW) in the range of 10,000 g/mole and 
above. Both the MF and UF membrane processes are true filtration processes, where particle separation is done only 
according to particle size and not according to Its ionic characteristics. Moreover, each of the MF and UF membranes 
has Its own characteristic pore size and separation limits. These two membrane filtration processes are effective in 
keeping the feed clean by their removal of turbidity and bacteria, and as such, they are very effective pretreatment 

10 process for the prevention during plant operation of membrane fouling including biofouiing. The MF and UF filtration 
pretreatment processes differ significantly from the RO pretreatment process. Unlike the filtration by the MF and UF 
membrane processes, which, as already mentioned, do not separate or reject ions from their solution or seawater, the 
RO process, is a differential pressure process for separation of all ionic particles with sizes of 0.001 jim or less and 
molecular weights of 200 g/mole or less. Moreover, those very tight structure SWRO membranes require high pressure 

15 operation in the order of 50 to 80 bar, compared to only a low pressure operation of about 5-10 bars for MF and UF 
processes. 

By comparison to other membrane separation processes, the NF membrane process falls in between the RO and UF 
separation range, and is suited for the separation of particle sizes in the range of 0.01-0.001 pm and molecular weights 
of 200 g/mo!e and above. Unlike either UF or RO, however, NF acts by three principles: rejection of neutral particles 

20 according to size and rejection of ionic matter by electrostatic interaction with a negatively charged membrane; Rauten- 
bach et al., Desalination, 77: 73-84 (1 990). Thirdly, the NF membrane operation is also partially governed by the osmotic 
principle. For this reason, as shown in later sections, the NF membranes differ from RO, which rejects all ions, covalent 
or monovalent, more or less, to the same degree, in that the NF has a much greater rejection to covalent and trivalent 
ions such as the scale forming hardness ions of SO%, HC0 3 -, Ca^ and Mg++ than their rejection of monovalent ions 

25 of Na + , Cr, etc. NF has been used in Florida for treatment of brackish hard water to produce water of drinking water 
standards. The NF process has also been used for removal of color turbidly, and dissolved organics from drinking water; 
Duran et al., Desalination, 102:27-34 (1995) and Fu et al., Desalination, 102:47-56 (1995). NF has been used in other 
applications to treat salt solution and landfill leachate; Linde etal.. Desalination, 103:223-232 (1995); removal of sulfate 
from sea water to be injected in off-shore oil well reservoirs; Ikeda et ai., Desalination, 68:1 09 (1 988); Aksia Serch Baker, 

30 Filtration and Separation (June, 1997). As shown below, the NF seawater membrane pretreatment is done at much 
lower pressure, typically 1 0 to 25 bars, than the SWRO membrane operation (typically 55-82 bar, i.e., 800 to 1 200 psl). 
[0018] In addition to the above uses of the NF process, it was also utilized In a variety of seawater and aqueous 
solution treatment. As mentioned above, an NF membrane US Pat. No. 4,723,603, was employed in removal of sulfate 
from seawater, which still high in sodium chloride content was used in making drilling mud in off-shore drilling, preventing 

35 through this process barium sulfate scaling. US Patent No. 5,458, 781 describes an NF separation of aqueous solutions 
containing bromide and one or more polyvalent anions into two streams: a stream enriched in bromide and a second 
stream enriched in polyvalent anions. It was suggested but never was done that the bromide-enriched stream is to be 
further treated by RO for bromide concentration for use in industrial application. EPO Publication No. 091 41 260, 03,06,97 
proposed problem solving °to improve the concentration rate while suppressing precipitation of scale by passing seawater 

40 through three flat membrane cells of nanofilter (NF membrane) of polyvinyl alcohol polyamide to remove sulfate ion and 
then passing the filtered water through RO membrane to remove SO% (not much detail of the work, however, is given). 
[0019] But as shown in Figure 8 it was Hassan, A.M., in the US Patent 6,508,936 who was the first to apply the NF 
pretreatment to SWRO and other seawater thermal (MSFD, MED, VCD) desalination processes, first at the pilot plant 
and demonstration desalination plant stage; Hassan et ai, Desalination and Water Reuse Quarterly May-June Issue 

<5 (1998) Vol. 8/1, 54-59, also September-October Issue (1998), Vol. 8/2, 35-45: also Desalination 118 (1998) 35-51; 
Desalination 131 (2000), 157-171: IDA World Congress on Desalination and Water Reuse (San Diego) Proceedings 
(1999) (Paper received Top IDA Award on thermal Desalination) plus many other publications. 
[0020] This above new NF-SWRO desalination process, which was first developed at the pilot plant, and proved 
successful in overcoming the previously mentioned major problems in conventional seawater desalination processes 

so by: (1 ) preventing SWRO membrane fouling, (2) prevented plant scaling and (3) increased significantly plant productivity, 
both yield and recovery and improved SWRO product quality as well as it lowers both energy requirement and cost per 
u nit water product Similar advantages were gained by combining an N F membrane unit with thermal desalination MSFD 
unit in a dual hybrid desalination unit as shown in Figure 8 Because of the removal of hardness from the reject in SWRO 
unit which is fed NF product, again as shown in same figure, the SWRO reject was used successfully as make-up feed 

55 to the MSFD unit. In both the dual NF-MSF hybrid and the trihybrid of NF-SWRO rejecl -MSF, the MSF unit was operated 
for the first time ever at top brine temperature (TBT) of 1 20°C, also later at higher TBT of up to 1 30°C without antiscalant 
at high yield (see references in previous paragraph.). 

[0021] This dual NF-SWRO desalination process was further applied as shown in Figure 9 on a commercial plant 
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scale, one SWRO Train 100, capacity 2203 m 3 /d (582,085 gpcty at the existing Umm Lujj SWRO plant, which was 
commissioned in 1 986. The plant was converted from a single SWRO desalination process to the new dual NF-SWRO 

desalination process by-the introduction-of-an-NF-pretreatment-and semidesalination-unH-ahead of the existing-S 

unit, see photo Figure 1 0. The second Line, Train 200, at the same plant, which is identical in design and production to 

5 Train 1 00, was kept operational in the single SWRO mode, in order to establish the operating parameter for a large 
NF-SWRO plant Prior to the conversion of the.plant to the dual NF-SWRO process, the process was tested utilizing a 
demonstration unit simulating the new NF-SWRO plant in design and operation. From the results of this trial, the NF 
recovery in the NF-SWRO was fixed at 65% (Figure 1 1) and later operated successfully at a demonstration mobile pilot 
unit for over two months at NF product recovery of 70%; Hassan, A.M., et aL, IDA World Congress on Desalination 

w Proceedings (Bahrain), Oct. 2001, see Abstract, p. 193-194. 

[0022] The NF unit of Train 1 00 ionic rejection for the scale forming hardness ions of S0 4 B , Mg 4 *, Ca++ , HC0 3 ', and 
total hardness were : 99.9% , 98%, 92%, 56% and 97%, respectively, Figure 12. This very high rejection of hardness 
ions compares to a rejection of only 24% for the monovalent CI- ion, and 38% rejection of TDS ions, where the seawater 
feed TDS of about 45,460 was reduced to 28,260 in the NF product (Rgure 12). 

is [0023] The results obtained from the operation of this commercial SWRO unit in the new dual NF-SWRO desalination 
hybrid showed vastly improved product output and recovery ratio over its (SWRO unit) operation in the commercial 
conventional SWRO desalination process. The output of Train 1 00 operated in the NF-SWRO mode was 1 30 m 3 /h from 
feed of NF product feed of 234 m 3 /h, as compared to an output of 91.8 rrP/h when it was operated in the singular, 
conventional SWRO operation on 360 m 3 /h of seawater for an increase in train productivity by 42%. Furthermore, the 

20 SWRO unit recovery ratio in the dual NF-SWRO operation of 56% was double its recovery ratio of 28%, when It (SWRO 
unit) was operated in the singular mode. The same trend was noticed when comparing the permeate productivity and 
recovery ratios of NF-SWRO Train 1 00 to those results obtained from SWRO Train 200, which were for SWRO unit in 
the ratios of about 1 .5:1 .0 and about 56%: 23.5%, respectively, in favor of the former over the latter train operation 
(Rgure 13). The product flow ratio of Train 100 to Train 200 was mostly in the order of about 160% : 100% (Fig. 13d) 

25 and over the two year operation the Train 1 00 output Train 200 output was in the ratio of about 1 .6-1 .4:1, clearly in 
favor of the dual NF-SWRO operation to the singular SWRO plant operation. 

[0024] Also, when compared to its operation in the conventional SWRO process, Train 100 operation In the dual 
NF-SWRO hybrid reduced significantly the unit production (m 3 ) energy consumption and cost by 23% and over 46, 
respectively. By comparison to SWRO operation, the expected saving in both energy consumption/m 3 and cost of unit 
30 water production by the NF-SWRO process are 39% and 68%, respectively. Furthermore, line conversion from SWRO 
to NF-SWRO operation was done swiftly and at a relatively low cost. 

[0025] The US Patent 6,1 90,556 B1 , Feb. 20, 2001 describes an apparatus and method for producing potable water 
from aqueous feed such as seawater utilizing a pressure vessel designed for low pressure operation (250 to 350 psl), 
inside this vessels both NF and RO membranes are placed with NF membrane elements upstream of RO membranes 
35 elements. The seawater feed is first passed through the vessel to be treated at this low pressure through the NF to 
remove hardness, but is only flushed unaffected through the RO membrane section. The collected NF product in a 
specially designed device is later passed under same pressure, utilizing same pump, through the same vessel, where 
its osmotic pressure is reduced, allowing for its desalination through the RO membrane. 

[0026] In several other patents the RO modules were utilized ahead of SWRO modules in SWRO desalination.. US 

40 Patent 4,341,629 dated 7, 1982 described a process using as first stage unit a 90% ion rejection cellulose acetate 
followed by a second stage separate unit fitted with a 98% ion rejection cellulose triacetate SWRO membrane. US Patent 
4,1 56,645 dated 5, 1 979 Invention proposes the recovery of fresh water also utilizing two stages consecutive separate 
units: utilizing as second stage SWRO unit fitted with tight membrane to treat the product from a first stage, separate 
loose RO membrane unit, the latter with 50 to 75% ion rejection, operated at low pressure P =300 to 400 psl (21-28 

45 bar).. Loose RO membranes were utilized ahead of tight membrane also in EPO 6,120,810. US Patent No. 5,238,574, 
describes a method and apparatus for treating water by a multiplicity of RO membranes followed by evaporation devices 
to produce water and salt. US Patent No. 4,036,685 also describes a process and apparatus for production of a high 
quality permeate withdrawn from the first RO cartridge, while lower quality permeate is produced by combining the 
product from the next following two cartridges in series with first cartridge RO. 

so [0027] From the above discussion and results, It can be emphasized that the NF is designed to perform in addition to 
other pretreatment a very specific and super pretreatment function, namely its ability to reject hardness and covalent as 
well as trivalent ions to a much greater degree than its rejection for monovalent ions (see NF rejection at Umm Lujj plant- 
Figure 12) and as mentioned earlier at a much lower pressure than required by SWRO or RO processes. Moreover, the 
NF membranes are characterized by having a much higher flux and greater tolerance to turbidity in the feed than RO 

55 or SWRO membranes. These facts disti nguish it and separate its function from other previously i ndicated water separation 
membrane processes, i.e., MF, UF and RO. For this quality, it should be remarked that Nanofiltration, loose reverse 
osmosis and low pressure reverse osmosis, which have been utilized in above patents, i.e., SWRO membranes receiving 
RO, loose RO, LPRO pretreated feed, are not considered to be equivalent in the art. Those skilled in the art In fact have 
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recognized and still do recognize this fact that Nanofiltration (NF) pretreatment of feed seawater, which allows for removal 
of hardness and in consequence the production of potable water from SWRO at high recovery and without scale formation, 

is-not-only-a-super-pretreatrrient-of-se 

functional equivalent of reverse osmosis (RO) or loose membrane reverse osmosis (LMRO) membranes. The references 
5 cited below emphasize those differentiations: 

1 . Bequet et al., Desalination, 131 ;299-305 (2000). 

2. Bisconer, "Explore the Capabilities of Nano- and Ultrafiltration, 0 Water Technology, March 1998 (2 pages; page 
numbers not stated). 

10 3. Kodak, "Nanofiltration for Professional Motion Imaging, "On-Line Technical Support paper, pp. 1-6 (dated 
1994-2000). 

4. Linde et al., Desalination, 103:223-232 (1995) [ABSTRACT ONL Y] 

5. Nicolaisen, "Nanofiltration - Where does it Belong in the Larger Picture," pp. 1-7, Product technical bulletin for 
"Desal-5" membrane products; Desalination Systems, Inc. (December 1994). 

. J5 6. Scott Handbook of Industrial Membrane, 1 995 (page 46). 

[0028] As Bisco ner notes, the art recognizes that RO and N F can be considered to be "cousins" and that the membranes 
used may look alike, but that in fact they "serve distinctly different separation functions." It is clear from the references 
that among the significant differences among NF and RO (BWRO, loose RO and LPRO), NF provides significantly 

20 greater rejection of hardness ionic species and at a much higher product flux than RO, facts which were truly observed 
at Umm Lujj NF-SWRO trial; see above Hassan et al, also see Figure 12. See also especially Nicolaisen (1994), who 
points out that while various terms are sometimes used incorrectly in the art, those skilled in the art recognize definite 
superiority of NF to RO in at least Its specific higher rejection of di- and tri-anionic species than the rejection of NaCI as 
well as it has (NF membrane) much greater flux than that of RO membranes. In addition, It has greater tolerance to 

25 turbidity fouling than SWRO membranes. Others make the same points, by noting that RO flux is low compared to NF 
flux and high pressures along with much higher membrane surface areas are needed for RO than with NF membranes. 
These facts were observed at the above commercial trial of NF-SWRO operation at Umm Lujj plant Train 100, where 
each NF module provided feed to nearly three SWRO modules (a module consists of one pressure vessel fitted with six 
membrane elements). To be operative, RO unit requires finer feed pretreatment than the NF membrane process in 

30 removal of solid particulates. 

[0029] The SWRO membranes are the tightest desalination membranes and are characterized by their high salt (ail 
ions) rejection. The SWRO membranes are operated at high pressure, 55-82 bar depending on membrane type, and 
because of their low flux, the SWRO process requires a large number of SWRO membranes to produce large quantity 
of water. Because of all those factors, the cost of water production by the SWRO process is considered to be the highest 

35 among all other membrane desalination processes. On the other hand, the NF membranes are operated at a much 
lower pressure and are characterized by having high flux. But most importantly, as mentioned above, they are charac- 
terized by their high specificity to the rejection of the scale forming hardness ions (S0 4 s , Ca* 4 , Mg* 4 , HCO- 3 ); see 
Hassan et al. under previously given references. 

[0030] With those major different properties, qualities and characteristics among SWRO and NF membranes as well 

40 as the properties which distinguish N F from other RO membrane including as mentioned above loose RO or low pressure 
RO membranes, an advantage was established in fully integrating NF and SWRO membrane processes in one dual 
NF-SWRO operation process, as was done above successfully by Hassan, A.M., US Patent 6,508,936 January 21, 
2003, first on pilot plant scale (see Figure 8) and later on a commercial plant scale (see Figures 9 and 1 0). This, however, 
was done by utilizing each of the N F and SWRO units in one stage. As shown later, greater advantage is seen in operation 

<5 of each of the NF and SWRO unit in the dual NF-SWRO set-up in two stages, with turbocharger inbetween the stages 
to recover energy from the brine. This highly optimized and well- designed dual NF (2 SWRO (2 arrangement, 
which as shown in Figure 1 for a proposed Red Sea SWRO plant, feed 31 6 rrP/h, and yields about 1 70 m3/h (1 .08 mgd), 
is an optimal seawater desalination process and not only provides for an economical, efficient SWRO desalination 
operation by raising plant output, both yield and water recovery ratio, and by lowering energy requirement as well as 

so the cost of fresh water unit production from the sea, but also it exceeds by far in efficiency what can be expected from 
prior art of conventional seawater desalination processes. The process as illustrated elsewhere separately In another 
of my invention is further applied with big advantages in the trihybrid of NF 2 -SWR0 2 rej8d -thermal wherein the SWRO 
reject which is drastically low in hardness ion concentration is made make-up to the thermal unit 
[0031 ] This optimal NF (2 stages) - SWRO (2 stages) and the trihybrids SWRO desalination system are not only quite different 

55 from prior art including the process described in US Patent 6, 1 90, 556B1 , but is also much more superior to them in 
process efficiency and economy. For example, the NF-SWRO system described in US Patent 6, 1 90, 556 B1 , Feb. 20, 
2001, in which both the NF and SWRO elements are placed in same one pressure vessel are operated utilizing one 
pressure pump at an equal but low pressure of 250-350 psi (1 7.24 to 24.05 bar). In this system operation is to start first 
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by collecting sufficient NF product, after which this collected NF product in a specially designed and controlled holding 
tank, is passed under pressure (low pressure of 250-350 psi), to SWRO membrane to produce a product, with a ques- 

tionabIe.quality t .mainly-because of-the SWRO-low pressure. More important r the NF-membranes are to operate part-of- 

the time then to stand idle while SWRO is operational and vice versa, for partial utilization of the NF or SWRO membranes. 

5 By contrast, all the components in the present patent application NF^ggj-SWRO^ ^ tage) are fully utilized 1 00 per cent, 
a fact which results in higher plant productivity. Moreover, the two stage arrangement provides for sufficient high pressure 
to the 2 nd stages feed, especially to 1 st and 2 nd stage SWRO units, again allowing for higher plant productivity along 
with much higher product quality than that obtained from use of above US Patent 6,190,556 B1. To produce on a 
commercial scale same quantity of water by the two processes requires also much greater capital investment and more 

10 equipment utilizing the latter process than by that (optimal process) submitted In this patent application. 

[0032] It would, therefore, be of substantial worldwide human interest, especially to those who need fresh water from 
the sea but can not afford it, to have available an optimal seawater desalination process, which would economically 
produce a good yield of fresh wate r from saline water, especially from seawater, and which would effectively and efficiently 
deal with the problems mentioned above; i.e., removal of hardness and turbidity from such saline water and the lowering 

is of total disso Ived solids at an increased plant productivity and an economical efficiency Including low energy consumption 
and low water cost per unit water product. Again, the utilization of the NF (2 stages) pre-treatment process or the reject 
from SWRO unit fed NF product in providing make-up to thermal MSFD or MED plants will lead to similar gains, and to 
tremendous improvement in the efficiency of seawater membrane or thermal desalination plants. 

20 SUMMARY OF THE INVENTION 

[0033] I have now invented an optimal SWRO desalination process, which, by combining two substantially different 
water membrane processes, as represented by the arrangements given in (Figures 1 ,2 and 3) in a manner not heretofore 
done, to desalinate saline water, with particular emphasis on seawater, to produce a very high yield of high quality fresh 

25 water, including potable water, at an energy consumption per unit of product equivalent to or better than much less 
efficient prior art conventional SWRO desalination processes. To achieve this objective each of the NF and SWRO units, 
for example, in Figures 1 is to be operated in two stages with energy recovery turbocharger (TC) in between the stages 
or alternatively continue to use NF in two stages with energy recovery TC in between the two stages while SWRO is 
made in one stage, again with energy recovery TC or pressure exchanger (PX) between the SWRO membrane unit and 

30 its high pressure pump, using the arrangement, as shown in Figures 2a and b or 3a and b, and with NF and SWRO 
membrane selectivity for the process as described below and in the previous sections. This way not only increases the 
yield and productivity of product from each step along with improving product quality but it also reduces the energy 
consumption per unit water production in the ratio of this optimal process: conventional SWRO without NF pretreatment 
of 0.445 : 1 when using PX system, with the ultimate effect on reducing the cost per unit water product In my process 

35 the two stage nanofiltration as a first desalination step is synergistically combined with following two stage seawater 
reverse osmosis step or one stage as shown by the arrangements as given in Figures 1, 2 or 3, to provide totally 
integrated desalination system by which saline water (especially seawater) can be efficiently and economically converted 
to high quality fresh water in yields which are significantly larger than the yields available from the prior SWRO art 
processes, alone or in combinations heretofore known or described. Thus, while individual steps have been separately 

40 known and such steps have individually been disclosed in combination with other processes for different purposes, but 
at different staging, the present process, as argued earlier, has not previously been known to, or considered by those 
skilled in the art and nothing in the prior art has suggested the surprising and unique magnitude of improvement and 
high system efficiency in all forms of saline water desalination (membrane or thermal) obtained through this process as 
compared to prior art processes and equipment. 

^5 [0034] Therefore, in a broad embodiment, the invention is of a desalination process which comprises passing saline 
water containing hardness scale forming ionic species, microorganisms, particulate matter and high total dissolved solids 
through the two stage nanofiltration (NF 2 ) with energy recovery turbocharger in between the stages, supplemented as 
needed with a pressure boosting pump, to form a first water product at high recovery and low energy consuming NF 
water product having drastically reduced content of said hardness ionic species, as well as significantly lower TDS 

so content than seawater and nearly completely removed microorganisms and particulate matter, and thereafter passing 
said first water product through the two stage seawater reverse osmosis (SWR0 2 ) with energy recovery turbocharger 
in between the two SWRO stages, supplemented as needed with a pressure boosting pump as shown in Figure t to 
form a second final water product (permeate) also having reduced salinity equal to that of potable water. This em- 
bodiment shall constitute the basis for an optimal membrane seawater desalination hybrid system NF (2stages) - 

55 SWR0 (2slage8)> which shall be part of the subject of this patent application. 

[0035] Again in a second and third broad embodiments, the invention involves a desalination process, which comprises 
passing said saline water containing hardness scale- forming ionic species, microorganisms, particulate matter and total 
dissolved solids through the two stage nanofiltration to form a first water product having reduced content of said ionic 
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species, microorganisms and particulate matter, thereafter passing said first water product through one of the following 
one stage seawater reverse osmosis with energy recovery TC or PX included within the stage, supplemented as needed 

with a high-pressure boosting pumpwherein the SWRO stage has the form and arrangement elther-as shown in Rgures- 

2 or 3, to form a second water product (permeate) also having reduced salinity equal to that of potable water. 
s [0036] The three embodiments shall constitute the basis for an optimal SWRO desalination process, which shall be 
the subject of this patent application comprising the following seawater membrane desalination hybrids: NF 2 -SWR0 2 
(Figure 1 ), NF 2 - SWRO, (Figure 2) and NF 2 - SWRO, (Figure 3). 

[0037] Only those three hybrids and the above three embodiments will be discussed under this filed patent application 
to be filed simultaneously with a second but separate patent application covering the thermal seawater desalination 

10 aspect of this invention. 

[0038] The process readily and economically yields significant reductions in saline water (especially seawater) prop- 
erties, and produces good fresh water including potable water. Typically in a process of this invention, the two stage 
NF 2 will produce with respect to the seawater feed properties, calcium and magnesium cation content reductions on the 
order of 75%-95% or better, sulfate in the order of 90 to 99.9% or better, pH decreases of about 0.4-0.5, and total 

is dissolved solids content (TDS) reductions of about 30%-50%. Meanwhile product from the SWR0 2 or SWRO, unit is 
potable water quality. Similarly, as illustrated elsewhere, the distillate are the product from MSFD, or MED or VCD or 
RH units when they are operated on make-up consisting of NF product or SWRO reject from a SWRO unit fed on NF 
product. The highest water recovery of about 66% or better is achieved by tri-process of NF 2 -SWR0 2 (reject) - thermal 
for ocean seawater feed TDS « 35,000 ppm, which exceeds in value all those values obtained from prior arts of seawater 

20 desalination. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0039] The figures are graphs or flow diagrams related to the data presented in the text. More detail description of the 
25 figures will be found in the discussion of the data. 

Figure 1 is a schematic flow diagram forthe present optimal fully integrated seawater desalination process comprising 
NF (26 tagesr SWR0 (2 stages) witn turbocharger in between the 2 stages in each of NF and SWRO units. 

30 Figure 2 same as Rgure 1 but with one stage SWRO instead of two stages, utilizing high pressure (P s 84 bar), 

high flow and high salt rejection membrane with an energy recovery turbocharger (Fig. 2a) or Pressure Exchanger 
(PX) with higher pressure pump of 75 ± 10 bar (Fig. 2b). 

Rgure 3 same as Rgure 2 with one stage SWRO unit, but using conventional SWRO membranes at high pressure 
35 (P = 55 ± 1 0 bar), with energy recovery turbocharger system (Fig. 3a) or utilizing pressure exchanger arrangement 
(Rg. 3b) and recycling of part of the SWRO reject unit as feed to two stage NF unit 

Rgure 4 is a graph showing the seawater desalination process separation of feed into product and reject and the 
concentration in the reject of turbidity, bacteria, hardness ions and TDS in the various seawater desalination (thermal 
40 or membrane) processes. 

Rgure 5 is a graph of main problems in the various seawater desalination processes. 

Rgure 6 is a graph showing the effect of seawater feed TDS on osmotic pressure and the net effective pressure 
45 (P net ) driving permeate through membrane. 

Rgure 7 Is a plot for SWRO unit performance as measured by permeate (a) flow, (b) recovery, and (c) conductivity 
versus applied pressure; seawater feed with and without NF seawater pretreatment (NF and SWRO each consists 
of one stage only). 

so 

Rgure 8 is a schematic flow diagram showing the full integration and arrangement of di- and tri-hybrid from NF, 
SWRO and MSF in NF-Seawater desalination (SWRO and MSF) pilot plants. 

Rgure 9 is a schematic flow diagram for the commercial Umm Luj] SWRO plant, (a) SWRO arrangement of the 
55 plant as built 1986 (Train 200), (b) The NF-SWRO arrangement as converted to NF-SWRO system, (one stage 

each of NF and SWRO), and operated Sept. 2000 (Train 100). 

Rgure 1 0 is a photo showing the Umm Luj) NF-SWRO plant (Train 1 00) as built in September 2000, with the installed 
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NF unit in front, fully linked to SWRO unit in back of the photo. 

Rgure-1-1-Performance of NF membrane unit (product-flow,~recovery and c»nductlvity) at Umm Lulj NF-SWROTraln* 

1 00 at the fixed NF product recovery of 65% vs operation time. 

5 

Figure 1 2 is a diagram showing the composition of seawaterfeed and the NF product with emphasis on their content 
of scale forming hardness ions (S0 4 -, Ca++, Mg++ , HCO" 3 ), Ch and TDS along with their Ionic rejection (%) by the 
NF membrane. 

10 Figure 13 is a flow diagram showing the performance (product flow & recovery), product flow ratio of Train 100 to 

Train 200, and operating condition for SWRO unit Train 1 00 in fully integrated NF-SWRO system shown in Figure 9. 

Figure 14 is a flow diagram showing NF elements performance utilizing a pilot plant having 3 different pressure 
vessels arrangement, each pressure vessel containing 2 NF 8" x 40" elements. 

15 

Figure 1 5 is a plot of NF performance as first NF stage vs operation time (over 9000 hrs) using two pressure vessels 
arranged in series where each vessel contains two NF elements. 

Figure 1 6 is plot of NF unit performance as measured by permeate: (a) Flow, (b) Recovery and (c) Conductivity at 
20 various operating conditions (pressure, temperature, feed flow and feed TDS). 

Figure 1 7 is a schematic flow diag ram of the process of this invention as compared to that of the conventional SWRO 
process for the production of one million gallon plant per day showing only the desalination part of each of the two 
processes. 

25 

DETAILED DESCRIPTION AND PREFERRED EMBODIMENTS 

[0040] The present optimal SWRO desalination invention will be best understood by first considering the various 
components and properties of saline water, and especially of seawater. Seawater, as mentioned earlier, is characterized 

30 by having high TDS, a high concentration of hardness due to presence of the scale forming hardness ions of Ca++, 
Mg++, SO= 4 and HC0 3 * at relatively high concentration of varying degrees of turbidity in the presence of particulate 
matter, macro and microorganisms and a pH of about 8.2. Many of the problems and their effect on limitations in seawater 
desalination are related to those seawater qualities. Typically seawater will have a cation content on the order of 
1 .2%-1 .7%, of which typically some 900-21 00 ppm will be "hardness" cations, i.e., calcium and magnesium cations; an 

as anion content of scale forming hardness anions, i.e., sulfate and bicarbonate, in the order of 1 .2%-2.8%; a pH on the 
order of 7.9-8.2; although wider ranges of one or more of these properties may be present, to constitute a total dissolved 
solids content on the order of 1 .0%- 5.0%, commonly 3.5% - 4.5%. However, it will be recognized that these components 
and properties vary throughout the world's oceans and seas. For instance, smaller enclosed seas In hot climates will 
normally have higher salinities (ionic content) than open ocean regions, e.g., Guff versus ocean sea composition in Table 1 . 

40 [0041 ] One major problem in seawater desalination , particularly for SWRO processes, is the sea water feed high TDS. 
The feed osmotic pressure increases as the feed TDS is increased. At a given applied pressure (P appl.), this Increase 
in osmotic pressure (Pit), of about 0.7 bar/1000 ppm increase In TDS, reduces both the available pressure P^, 



45 Pnet^Pappl. -P7l (1) 

[0042] Where P net is the net pressure driving the water through the RO membrane to yield the permeate flow. To 
increase P net and consequently the permeate flow requires a higher applied pressure provided the membrane strength 

so allows. The effect of varying feed TDS on osmotic pressure and P^ pressure in a SWRO process at a temperature of 
25°C and an applied pressure of 60 bar and final brine TDS of 66,61 5 ppm was shown earlier in Figure 6. The available 
useful pressure to drive the water through the membrane is marked by the shaded area of P TOt decreases as the feed 
TDS increases. Since the permeate flow through the membrane is directly proportional to the water driving pressure 
P TOt , reduction of seawater feed TDS by the present process not only reduces wasted energy but also increases the 

55 fresh water permeation through the membrane. As will be illustrated below, this case of lowering energy requirement 
per unit water product by lowering TDS of feed, which leads to an increase in P^ and permeate flow, is a principal 
advantage effect obtained by the present invention process. 

[0043] Likewise, turbidity (reflected by total suspended solids and microorganisms) of a small area of a sea or ocean, 
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such as the area from which a desalination plant would draw its seawater feed, will be dependent upon the local 
concentration of organisms and particulates, and even within the same area such concentrations can and often do 
.chajigejvlt^ 

water variation between typical open ocean water, Mediterranean sea, and water of an enclosed "Gulf sea (sometimes 
referred to hereinafter as "ocean water* and "Guff water" respectively). While "ocean water" is often taken as the basis 
for standard (normal) seawater properties, for the purposes of discussion herein, it willatso be recognized that the 
components and properties of the world's oceans and seas are substantially similar everywhere. Main differences are 
in salt concentration, but not in their percentage ratio relative to each other, which tends to remain constant, e.g., in 
various seas the Na + and Clconcentration ratio to total salt concentration remain the same at about 30.7% and 55%, 
respectively, see Table 1. Those local variations, which do occur, are well understood and accommodated by persons 
skilled in the art. Consequently the invention described herein will be useful in virtually any geographical location, and 
the description below of operation with respect to Gulf water or ocean water should be; considered exemplary only and 
not limiting. 

[0044] The presence of particulate matter (macroparticles), microorganisms (e.g., bacteria) and macroorganisms 
(mussels, barnacles, algae) requires their removal from feed to both SWRO and thermal desalination plants. Removal 
of turbidity and fine particulates normally defined as total suspended solids (TSS) from feed destined to SWRO plants 
is essential but has not been restrictedly required forthe thermal processes. Removal of the chlorine from feedto chlorine 
sensitive NF and SWRO membranes has also been a most requirement 

[0045] The third major problem which as already repeatedly indicated, and which is inherent in all prior art desalination 
processes, is the high degree of hardness ions in seawater and is of higher negative effect in thermal than in membrane 
processes. Since all desalination processes operate to extract fresh water from saline water, salts and hardness ions 
are left behind in the brine with the effect that both the brine TDS and hardness concentrations are increased. This was 
illustrated in Figure 4. Because hardness ions are sparingly soluble in seawater, it is common for them upon their 
concentration in the brine to precipitate in the form of scale within the desalination equipment, e.g., on tubes, membranes, 
etc., thus limiting water recovery to low values, for example to 25-35% or less for desalinated Gulf seawater and up to 
30-40% in ocean seawater. Depending on the desalination process operating conditions, two types of scale form: an 
alkaline soft scale principally composed of CaC0 3 and Mg(OH) 2 and a nonalkaline hard scale principally composed of 
CaS0 4 , CaS0 4t 1 /2H 2 0 and CaS0 4 ,2H 2 0. The formation of the latter form becomes exaggerated at higher temperature, 
since the CaS0 4 solubility decreases as the solution temperature is increased. In the past, operators of MSFD or other 
thermal desalination plants, such as MED plants, commonly added acid and/or other antiscaling additives to the feed 
water, to limit process operation at brine temperatures of 90-1 20°C for MSFD and 65°C for the MED plants without scale 
formation. However, in spite of this, product fresh water recovery as a fraction of product to make-up feed from Gulf 
seawater was low 25% to 35% or less. For higher operating temperatures, ion exchange was required to remove S0 4 s 
or Ca++ and obtain higher water recovery. Similarly, in SWRO operation antiscaling agents have also been commonly 
added to prevent membrane or plant scaling, but again water recovery by the conventional processes, for example for 
Gulf seawater, is again to be limited to about 25-35% or less. In addition, antiscaling agents are normally returned to 
the marine environment either as part of the brine discharge or during descaling operations. Such materials are usually 
contaminants in the marine environment, and as such would be better avoided. 

[0046] These problems in seawater desalination and measures used in the past to alleviate them were summarized 
and presented earlier in Table 2 along with the quality requirements of feed to SWRO plant where the feed is taken from 
an open sea (surface) intake. The two stage NF feed pretreatment process used with or without proper antiscalant in 
this invention is able to efficiently and economically remove turbidity, hardness ions and lower TDS for which the present 
process can do at high NF product recovery ratio higher than that expected from prior art, and thus it will be seen that 
the present process represents a marked improvement over the conventional and other prior art seawater desalination 
processes. Moreover, removal of hardness ions will serve also in raising recovery in all types of seawater desalination 
processes (membrane or thermal). 

[0047] In brief, the present optimal seawater desalination process significantly reduces hardness, lowers TDS In the 
membrane steps, and removes turbidity from the feed, thus lowering of energy and chemical consumption, increasing 
water recovery and lowering the cost of fresh water production from seawater. This is achieved by the u nique combination 
of NF with SWRO, each in two stages with energy recovery turbocharger in between as shown for illustration in Figure 
1 , or SWRO one stage as shown by the arrangement given in Figures 2 or 3 (also NF with MSFD, MED or VCD), which 
can be further enhanced by additional combination with media filtration, and depending on feed quality with and without 
coagulation or using a subsurface intake such as beach wells for collection of the seawater. 
[0048] Nanofittration and SWRO desalination have all been described extensively in the literature and commercial 
installations of each exit Therefore detailed descriptions of each step, the equipment and materials used therein and 
the various operating parameters need not be given here in detail. As typical examples of comprehensive descriptions 
in the literature, reference is made to Kirk- Othmer, ENCYCLOPEDIA OF CHEMICAL TECHNO LOGY, 21 :327 -328 (4th 
Edn.: 1991) for nanofittration; ibid, pp. 303-327, for SWRO; and McKetta et a!. , ENCYCLOPEDIA OF CHEMICAL 
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PROCESSING AND DESIGN, 16: 198-224 (1982) and Corbitt, STANDARD HANDBOOK OF ENVIRONMENTAL EN- 
GINEERING, 5-146 to 5-151 for RO. 

[0049] With the basic concepts of NF and SWRO described and understood , the details of the ste ps of the work done, 

on coupling NF to SWRO with full integration in two stage for NF and two or one stage SWRO (Figures 1, 2 and 3) 

5 SWRO or NF and MSFD can be best understood by reference to the experimental work, which was done on a pilot plant 
scale. A schematic flow diagram of one single stage NF combined in one single stage SWRO to form on NF-SWRO 
process is given in Figure 8. The process consists of seawater supply system, dual media filter followed by a fine sand 
filter, 5 micron cartridge filter, feed tank, the NF unit and the SWRO unit, each consisting of one stage. The particle size 
of sand in the sand filter may vary, and is normally on the order of 0.3-1 .0 mm. The pretreatment part of this system is 

10 retained in this new invention of dihybrids or trihybrids such as NF 2 -SWR0 2 (Figure 1) or trihybrid of NF 2 - SWR0 2 - 
thermal, or NF 2 - SWRO! where only one stage SWRO utilize high pressure membrane, e.g., Toyobo HB type (Figure 
2) or NFp 8tage3) - SNVRO (1 stage) (Figure 3) with recycling of SWRO reject to NF feed to a one mgd or more SWRO 
plant but all having the same feed quantity of 31 6 m 3 /h, as shown for illustration in Figures 1 , 2 and 3 where the filtration 
process is not shown in each of the Figures 1 , 2 and 3. 

15 [0050] In commercial SWRO or NF plants the membrane elements are normally arranged in series of six elements 
per pressure vessel. This type of membrane arrangement is the preferred arrangement in many of the commercial NF 
and SWRO plant worldwide. This is also the arrangement of NF and SWRO elements used in operation of the dual 
NF-SWRO in the commercial Umm Lujj SWRO plant, which is shown in Figures 9 and 1 0. To establish the performance 
of the six elements within one pressure vessel, a demonstration unit was built utilizing three pressure vessels each fitted 

20 with 2 NF elements (8" x 40") instead of the six elements (8 s x 40") per one pressure vessel as shown in Figure 14. The 
performance of each two elements within the 1 st : 2 nd : 3 rd pressure vessel were as shown in same figure and were in 
the ratio of : 

Product flow 4.61 :3.3 :1.32 for a total of :9.28m 3 /h 
25 Product recovery 38% : 28% : 1 1 % for an overall recovery of : 78% 

Product TDS 28,000 : 35,000 : 40,000 for a combined product : 32,270 ppm 

from a feed of 1 1 .95 m 3 /h having TDS of 45,000 ppm at an applied pressure of 25 bar and T = 30 °C. For each vessel, 

30 the product recovery ratio is computed as the ratio of NF product to the total feed of 1 1 .95 m3/h. As shown in the same 
figure the two elements within the 3 rd vessel are highly stressed; they receive at P = 24 bar feed of only 3.99 m 3 /h having 
TDS = 69,1 00 ppm or one third the feed, for example of 1 1 .95 m 3 /h for the first two elements, which are fed on seawater, 
TDS = 45,000 ppm, at P = 25 bar. Higher pressure is required for the operation of elements in the third pressure vessel 
to overcome the increase In their feed osmotic pressure. 

^5 [0051] To remove this large stress, or part thereof, on the final two elements within the third vessel and in order to 
increase the efficiency of the NF process, an arrangement such as shown in Figure 1 was utilized in this invention. In 
this arrangement, the NF process is conducted in two stages with energy recovery turbocharger inbetween. This ar- 
rangement does two functions: it increases product flow and water recovery and as shown later, reduces the energy 
consumption per unit water product Number of elements ratio in the first second NF stages is made in the ratio of about 

4, 2:1. Furthermore, with this arrangement at a recovery of about 50-60%, each element within the first and at 50% 
recovery by the first NF stage, the second NF stage receives nearly the same amount of feed as received by elements 
in first stage and with the elements in second stage receiving higher feed than that delivered to the first stage elements 
when the SWRO recovery ratio for the latter (first NF stage) is less than 50%. The first stage, which is fed on seawater 
at P = 25 i 1 0 bar, comprises for illustration two NF blocks in parallel, here a block, depending on seawater feed quality 

45 (TDS), consists of a number of pressure vessels, arranged in parallel, each pressure vessel is fitted with 4 NF elements. 
A total of up to 6 elements could be utilized within one pressure vessel if the feed TDS is of ocean quality or less. 
Meanwhile, the second stage comprises one NF block having about one half the number of modules as that within the 
first stage blocks. All modules are arranged In parallel and each consists of one pressure vessel fitted with 4 NF elements. 
The NF elements of the first and second stage could be the same membrane, if the membrane can tolerate high pressure 

so up to 35 ± 1 0 bar, or the second stage NF membrane elements are chosen to be of higher pressure tolerance, up to 
45 bar, and Is more than the pressure which can be tolerated by the first stage NF elements. The second stage NF unit 
is fed on the combined reject from the first stage modules after its pressure is being boosted by the turbocharger from 
25 ± 10 to about 35 ± 10 bar. The second stage pressure, if needed, can be raised (boosted) further as shown in 
Figures 1, 2 and 3 by use of a booster pump that is capable of receiving the first stage reject turbocharger at high 

55 pressure and boosts it further to the desired pressure value. The turbocharger pressure boost (AP) equals (Pump 
Engineering, Inc. Manual # 29991 0) : 



13 



Best Available Copy 



EP 1 614 661 A1 

APtc = (nte)(R,) (P r -P c ) (2) 



nte = the hydraulic energy transfer efficiency 
s R r s ratio of brine flow to feed flow to turbocharger 
P r = brine pressure to turbocharger 
P c = brine pressure leaving turbocharger 

[0052] For the SWRO case shown in Figure 1 , the calculated AP equals 37.5 bar and for the NF case is about 1 3 bar. 
[0053] Arrangement of the NF (2 stege8) - SWRO (2 ^gas) 080 De illustrated by Figure 1 . The NF unit is made of a high 

10 pressure pump to provide up to 25 ± 1 0 bar pressure to the first stage NF unit, which consists of two modules arranged 
In parallel. As previously mentioned, a module consists of one pressure vessel containing four NF of 8" x 40 s or other 
dimension membrane elements. NF membranes may be spiral wound, hollow fine fiber, tubular or plate configuration, 
although nearly all commercial NF membranes are thin film composite types and are made of noncellulosic polymers 
with a spiral wound configuration. The polymer is normally a hydrophobic type incorporating negatively charged groups, 

15 as described for instance in Raman et al., Chem. Eng. Progress. 7(1):58 (1988). The seawater feed is supplied at 
ambient sea water temperature to the first stage modules and their combined pressurized reject is fed to its following 
second stage modules also having 4 NF elements per module, after boosting its pressure to 35 ± 5 bar, by the turbocharger 
fixed in between the two stages as shown for illustration in Figure 1 . Pressure more than 40 bar, if needed, can be raised 
by the booster pump. Number of modules in the second NF stages is equal to about one half or thereabout their number 

20 in the first NF stage. The seawater feed pretreatment unit has the same components and arrangement as those in the 
feed pretreatment given in Figure 8. Alternatively, direct feed from beachwell, without need for a pretreatment unit, will do. 
[0054] The combined NF product from first and second NF stage is fed to SWRO unit comprising one high pressure 
pump to provide pressure of 55 ± 1 0 bar to first stage SWRO consisting of a block of modules arranged in parallel, and 
consists of membranes of the type used in conventional SWRO plant, e.g., Toyobo or Toray or Hydranautics or Fllmtec 

25 or DuPont membranes, etc. and the pressurized reject collected from the first stage SWRO modules Is passed through 
the turbocharger to boost its pressure to about 85 ± 5 bar followed by feeding this pressurized reject to second stage 
SWRO unit made of one block of SWRO module where each module consists of one pressure vessel fitted with 4 or 6 
SWRO elements of high pressure tolerant, brine conversion, for example, Toray 820 BMC or equivalent SWRO mem- 
branes. By the use of turbocharger, and booster pump if needed, the pressure can be raised up to 90 bar. The combined 

30 product from the two SWRO stages is collected and comprises the final product with potable water qualities. 

[0055] From field investigation of commercially available NF membranes done at our R&D it was illustrated that they 
are vastly different In performance and can be classified, more or less, Into three groups : Group "A" tight structure NF 
membrane characterized by having high rejection , but low permeate flow (flux) in contrast to Group °C° of high flow and 
modest ion rejection particularly TDS, while Group "B° has good balanced performance of permeate flow and ionic 

35 rejection (Hassan et al. IDA World Congress on Desalination Proceeding, Oct. 1999). As a result of this investigation, 
membrane of Group °B° were successfully utilized in the dual NF-SWRO operation of Umm Lujj SWRO plant (Hassan 
et al., IDA World Congress on Desalination Proceeding, Oct. 2001). Same type of NF Group B B n and/or selected NF 
membrane of Group "C" are being utilized in the present invention in the first stage vessels in a plant of this invention, 
such as the one shown in Figure 1 . Group °B* type membrane with a higher pressure tolerance membrane are utilized 

40 in the second stage NF unit. 

[0056] By utilizing a demonstration plant consisting of three pressure vessels, each containing 2 NF 8" x 40" membrane 
elements, a product recovery ratio of 66% was achieved from the first and second module elements at P =25 bar, at 
feed of about 12 m 3 /hour and T = 30°C (Rgure 14). While only a recovery ratio of about 62% was achieved when 
operating same four elements in two pressure vessels in a repeated trial but at feed of 8 rrP/h, P = 24 bar and T = 28°C 

45 (Rg. 15). An NF product flow of about 5.1 + 05.2 m 3 /h was obtained from 8 rrrVh feed for a product recovery of about 
62% was maintained from this first stage NF unit as far as the NF feed quantity, its temperature and pressure are 
maintained constant which they also provide constancy in product conductivity (Rg. 15). Control of feed temperature to 
about 35 °C was done by blending part of the warm seawater (43 °C), used in cooling the MSF distillate in heat rejection 
section of MSF unit, with cool seawater (18-25 °C) (see Rg. 8). Variation in NF unit performance with feed temperature 

50 is vividly illustrated in Rgure 16, when the NF unit was operated on seawater feed (18-25 °C) without the blending 
process. As shown in Table 3, the scale forming hardness ions rejection of S0 4 = Mg++, Ca ++ and CH0 3 by NF elements 
of the first vessel were: 99.9, 98.3, 96.8 and 84.4%, respectively, as compared to 99.9, 98.3, 96 and 78% for the hardness 
ions ionic rejection by NF elements in second vessel. In some trials the SO= 4 ions were not detected in the product of 
NF elements in first and second vessels. It is noticed that the hardness ions rejection of SO%, Mg++ as well as total 

55 hardness which is above 98% is nearly in the same order by NF elements in the first and second vessels product and 
is similar for the rejection of Ca++ ions. However, there is difference in the rejection of HC0' 3 between the NF elements 
of vessels one and two (Table 3). The NF hardness ions rejection established in this trial are similar to those established 
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earlier at Umm Lujj plant where 6 N F elements were placed in one pressure vessel (Figure 1 2). Product water recovery 
as compared to feed of about 8 m 3 /h was 36.3% and 25.6% for the former elements in first and second pressure vessel, 

for a total of about 62% from the 4 elements. 

[0057] By comparison to the superior rejection of NF membrane to hardness ions, the rejection of the monovalent Ch 

5 ion is only 35.6 and 23.8% for NF elements in vessels one and two, respectively, while their TDS ionic rejection was 
42.7 and 31 .4%, respectively, in support of earlier argument that NF rejection is much greater for covalent hardness 
ions than that of its rejection of monovalent ions, while RO (BWRO, SWRO, LPRO and loose RO) have, more or less, 
same rejection for mono and covalent ions. 

w Table 3. Chemical Composition and Physical Properties of Seawater, NF Filtrate and NF Salt Rejection 



(vessels 1 and 2 are operated in series each contains two NF elements) 



Element/Parameter 


Seawater Ion Cone. 


NF Filtrate (Vessel 1) 


NF Filtrate (Vessel 2) 






Ion Cone. 


Rejection % 


Ion Cone. 


Rejection % 


Hardness 












Ca++ (ppm) 


481 


16 


96.8 


20 


96 


Mg^ (ppm) 


1608 


27 


98.3 


27 


98.3 


Totai Hardness (ppm) 


7800 


150 


98 


160 


97.9 


S0 4 =(ppm) 


3200 


1 


99.9 


1 


99.9 


HCOg-(ppm) 


128 


25.1 


84.4 


344 


78 


Others Ions 












Ch (ppm) 


24100 


15561 


35.6 


18367 


23.8 


Dissolved Solids 


TDS (ppm) 


44046 


25240 


42.7 


31,400 


28.7 


Product follow (m 3 /h) 




2.89 




2.02 





[0058] From above results and as shown in Figures 1 5 and 1 6 especially in Figure 1 6, the NF performance is dependent 
on operating conditions of applied pressure, operating temperature, feed flow (quantity) and quality (TDS). By control 
of those operating conditions, it can be concluded that a recovery ratio up to 62% or better can be obtained, as already 

35 established, from first NF stage in an NF pretreatment unit having an arrangement as shown in Figures 1, 2 and 3. 
Further more, a recovery of about 35% can be easily obtained from the reject of the NF first stage when It is fed to the 
second stage of the same figure, bringing the overall recovery from the two stages to 75%. A total recovery of 77% was 
obtained at the pilot plant from two stage unit, when the first stage was operated at 25 bar at the recovery of 62% and 
the second stage at 40% recovery. Feed consisted of Gulf seawater, TDS * 45,000 ppm. The NF product recovery rose 

40 to 80% upon raising the pilot plant feed to 9 m 3 /h from 8 m 3 /h while maintaining pressure at the same value of 25 bar. 
Higher recovery ratio can be obtained by the trial of different NF membranes with or without addition of proper antiscalant 
to the seawater feed. A higher recovery than this value can be obtained from the NF (2s tages) unft b Y tne addition of proper 
antiscalant to the feed This compares to, as mentioned earlier, up to a 70% NF product recovery which was obtained 
from 6 elements arranged in series within same pressure vessel at Umm Lujj plant [Hassan, A.M., et al, IDA World 

45 Congress Proceedings, Bahrain, March 2002], 

[0059] The same advantages realized from the two stage NF as illustrated by the arrangement shown In Figure 1 can 
be also gained in SWRO operation by the arrangement of SWRO unit, as shown in same figure, also in two stages with 
turbocharger in between the dual NF-SWRO desalination system. This becomes quite feasible and applicable when 
considering the use of late ly developed SWRO high pressure, membranes. Their use, for example, allowed for Increasing 

50 the ocean (Japanese) seawater recovery from 40% to 60%, for an increase by 50%; see above Goto et al. At the SWRO 
pilot plant level operated at our site, a water recovery of 60% was achieved, when the plant was operated on NF product 
from a one stage NF unit at an applied pressure of only 50 bar, and the recovery rose to 80% at an applied pressure of 
70 bar (Figure 7). Similarly, a water recovery ratio of 56-58% was achieved at Umm Lujj SWRO Train 1 00 operated in 
one stage on NF product (see earlier references under Hassan, et al.). 

55 [0060] Assuming as shown in Figure 1 a water recovery for first stage SWRO of 56% a total of 1 33 m 3 /h is achieved 
from the first SWRO stage as compared to only 37 m 3 /h obtained from the second stage SWRO at the water recovery 
of 35% and pressure of about 92 bar, for a total product of 170 rrP/h from 238 m 3 /h of NF product as feed, or for an 
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overall recovery from the two stages of over 71%. Because of the high pressure applied to the second SWRO stage 
with very low hardness ions content a higher recovery than 71 % is expected from the two stage SWRO unit. This brings 

the overall NF p Rta0ftft) - SWRO (Psteges) desalination hybrid overall recovery to about 54% (0.75 x 0.714 ). 

[0061] In addition to the gained benefit of increasing plant productivity, both water flow and product recovery, along 
5 with lowering of energy requirement and water cost per unit water product, this optimal dual NF (2 stages)' SWR0 (2 stages) 
(Fig. 1) or NF2 - SWRO^Fig. 2) or NF 2 -SWR0 1 (Rg. 3) seawater desalination processes of this invention have the 
following advantages: 

(1 ) Because of the significant reduction in hardness and the consequent reduction or elimination of scaling, it is no longer 
necessary to add antiscaling chemicals to the feed to the RO step or to pass such chemicals into the RO equipment 

w where, in prior art systems, scaling would occur. This of course, is a significant advantage from an environmental 
standpoint, since such chemicals, are no longer discharged into the marine environment or deposited in land-based 
sludge or water reservoirs. 

(2) Moreover, because of the high purity of NF product in that it contains no suspended solids or bacteria, the differential 
pressure across the SWRO membrane (AP) remains very low and, therefore, the SWRO membrane will not be fouled. 

15 This should lead to a longer life of SWRO membrane as well as it continues to maintain a sustained high efficiency 
membrane performance, and without frequent cleaning. At Train 100 of Umm Lujj the SWRO membrane are now in 
operation of over 3 years and 6 months without cleaning or replacement of any SWRO membranes, atthough they were 
in continuous service for 8 months on seawater feed without NF pre-treatment, prior to their operation for over 34 months 
on NF product. 

20 (3) Because of the high quality of the SWRO product, produced by this dual NF-SWRO process, a second stage RO 
unit is not required as normally done in the conventionally operated SWRO plants, where this second stage Is required 
to produce the good water quality with TDS <500 ppm. 

(4) One major advantage of the present dual NF-SWRO process is in the good quality of its SWRO reject, which qualifies 
it as a make-up to thermal seawater desalination plants. Besides its high clarity in absence of suspended solids and 
25 bacteria, as shown in Table 4, it contains drastically much lower concentration of the scale forming hardness ions of 
S0 4 =, Mg**, Ca**, and HC0' 3 than that in seawater. 



Table 4. Chemical Composition of Gulf Seawater, NF Permeate and SWRO Reject from the Optimal 
NFp stogesrSWROp stages) Desalination System 



Parameters 


Gulf Seawater 


NF Permeate Average 1 


SWRO Reject 2 


Calcium (ppm) 


481 


25 


83.5 


Magnesium (ppm) 


1608 


35 


116 


Sulphate (ppm) 


3200 


>2 


>6 


M a | k as CaC0 3 (ppm) 


128 


15 


50 


Total Hardness as CaC0 3 (ppm) 


7800 


210 


700 


from actual measurement, 2 Computed from product water recovery of 70% 



The further utilization of this product in a trihybrid desalination system of NF 2 .SWR0 2 rejea-thermal, where each of NF 
and SWRO are operated in two stages, enhances the overall water recovery ratio of the seawater desalination process. 
(5) The energy consumption/m 3 product for the present optimal process invention: energy consumptlon/m 3 for a one 
miilion gallon conventional SWRO plant as shown in Figure 17 is 4.269 KWh/m 3 compared to 9.326 KWh/m 3 for the 
conventional two stage (SWRO followed by RO) process (Rg. 17), in the ratio of 0.44 : 1. The energy consumption 
(KWh/m 3 ) of this process is about 44% of that required by the conventional one SWRO stage followed by a second 
brackish RO system, for an energy saving of 54%. The energy requirement was calculated from Eq. 3: 



Energy (KWh/m 3 ) = [Q f . Hf p/366 Q p e] (3) 



Where : 

Q f and Q p are the quantity of feed and product in m 3 /hr, respectively. 
H is the pressure head in (m), 
p density of seawater (1 ,03), and 
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- e pump efficiency (« 0.85). 

(see - Water Treatment Handbook, 1 979, A Halsted Press Book, John Wiley & Sons, (Fifth Edition). See also ■ Pump 

Handbook_(Sec»nd-Edition)JgorJ._Karassi^ 

McGraw Hill, International Edition, Industrial Engineering Series). 

5 

[0062] To further illustrate the advantages of the present process, a commercial plant simulation was conducted 
utilizing the fully integrated optimal dual NF (2stages) -SWRO (2 stages) P |ant design, for tne production of one million US 
gallon per day (mgd) SWRO plant from Gulf seawater feed, TDS « 45,000 ppm and its performance is compared to that 
of conventional SWRO with same production capacity (Figure 1 7). The NF recovery for Gulf water is set at * 75%, while 

10 the SWRO unit recovery was set at 71%. To raise the recovery from 56% from first stage SWRO to 71% from the two 
stages, requires that the second stage adds 1 5% to the total SWRO unit recovery. In above work at the pilot plant level, 
this is quite possible since the second stage, high pressure SWRO allowed for a recovery of 35% or more of the reject 
from first stage SWRO unit Using the same ratio of 35%, the recovery of product from above Umm Lujj first stage reject 
of 44% of total feed is 1 5.4% (i.e., 0.35 x 44 = 1 5.4%), for a total recovery of 71 .4% (56 + 1 5.4%). In fact, at high pressure 

15 and low feed TDS for the first and second SWRO stages, it is expected to have a SWRO unit total recovery higher than 
71% (see Fig. 7). 

[0063] Table 5 illustrates the many advantages gained by the application of the present optimal 
NF (2stages)" SWRO (2stages) seawater desalination process invention over the conventional SWRO process in recovery 
as well as in lowering the amount of feed and energy consumption (KWh/m 3 ). The amount of reject (brine) is also less. 
20 The feed to this one million U.S gallon/day plant by the conventional SWRO process is 602 rrrVh compared to only 
322.45 m 2 /h by the present invention for the ratio of 1 : 0.485. As shown in Figure 9 also in Figure 1 7, the conventional 
SWRO plant is operated in two stages at recovery of 30% for the SWRO unit and 85% for its second brackish RO unit, 
utilizing in this case low pressure RO unit. 

25 Table 5. Summary of results of this optimal process NF/ 2 ' SWRO (2 rtag08) and conventional SWRO to 
produce one million gallon per day (3785 m 3 /d or 158 nv/h) of product water from Red Sea or Gulf Seawater 



Parameter 


NF (2 stages) " SWR0 (2 stages) 


Conventional SWRO 


Ratio SWRO : Invention 


Feed (m 3 /h) 


292 


602 


1 : 0.485 


Product (m 3 /h) Reject (m /h) 


158 


158 


1 : 1 


134 


444 


1 : 0.31 


Recovery (%)* 


54 


26.2 


1 : 2.06 


Energy (KWh/m 3 ) 


4.189 


9.6 


1 : 0.44 


*For the conventional SWRO plant the first stage recovery is 30% and second stage Is 85% (see Figure 9. 



[0064] In short, the present optimal process of this invention is of a much higher efficiency than that of the conventional 
^ SWRO process. Additionally, these many advantages are not limited to its application In the desalination of Gulf seawater 
(TDS 45000 ppm). Higher N F and SWRO recovery as well as an overall recovery up to 65% and highercan be achieved 
when this process is applied in the desalination of ocean seawater (TDS 35,000 ppm). The amount of feed, reject as 
well energy requirement are expected to be significantly far less for the desalination of ocean seawater feed than those 
values in Gulf seawater feed desalination. Higher recovery ratio, more yield can be obtained at lower TDS feed, when 
40 the SWRO plant is operated as part of the tri NF 2 - SWR0 2 n ^ - thermal. 

[0065] It will be evident that there are numerous embodiments of this invention which, while not expressly set forth 
above, are clearly within the scope and sprit of the invention. The above description is, therefore, to be considered to 
be exemplary only, and the actual scope of the invention is to be determined solely from the appended claims. Although, 
similar claims can be made for making the NF product from the two stage NF unit as shown In Figure 1 or the SWRO 
a reject wherein the SWRO unit is fed NF product, as make-up to thermal seawater desalination (MSFD, MED, VCD) 
plants. The claims in this invention are limited only to the optimal NF (2stage8 j - SWRO (2stages j and NF (2 stages) " 
SWR0 (1 ^ tag8 ) seawater desalination processes as shown In Figures 1 , 2 or 3. 



Claims 

1 . An optimal desalination process and apparatus which comprises passing saline water containing a high concentration 
of hardness scale forming ionic species, microorganisms, particulate matter and a high concentration of total dis- 
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solved solids through a two stage membrane nanofiltration (IMF 2 ) unit with an energy recovery turbocharger (TC) 
unit in between the stages, supplemented as needed with a pressure boosting pump, to form from the combined 

NF product of the first and second NF stages a first water product having reduced content of said ionic species 

and from which is removed microorganisms, particulate matter and nearly all scale forming hardness ions and 
5 thereafter passing said first product through two stage SWRO (SWR0 2 ) with an energy recovery TC in between 

the stages, supplemented as needed with a pressure boosting pump, to produce from the combined product of two 
SWRO stages a final second water product (permeate) with potable qualities and a third water product of SWRO 
brine discharge having increased salinity and drastically reduced scale forming hardness ions. 

10 2. A desalination process and apparatus which comprises passing seawater containing a high content of hardness 
scale forming Ionic species, microorganisms, particulate matter and total dissolved solids through a two stage 
membrane nanofiltration (NF 2 ) unit with an energy recovery TC unit in between the stages, supplemented as needed 
by a high pressure boosting pump, to form from the combined NF product of the first and second NF stages a first 
water product having a reduced content of said ionic species (TDS) and from which is removed microorganisms, 

15 particulate matter and nearly most of scale forming hardness ions and thereafter passing said first water product 
through a one stage seawater reverse osmosis unit, to form a second water product (permeate) of potable 
quality and a third water product reject having increased salinity but drastically reduced hardness, wherein the 
one stage SWRO unit has energy recovery turbocharger system, supplemented as needed with a high pressure 
booster pump, or turbocharger energy recovery system or pressure exchanger (PX) and also has the form and 

20 arrangement as shown in Figures 2 or 3. 

3. An optimal desalination method and apparatus comprising as in Claims 1 , 2 and 3, a dual fully integrated NF 2 units 
with energy recovery turbocharger in between, in which the first NF stage comprising a high pressure pump and 
NF unit to produce under pressure (P) of 25 ± 10 bar an NF product and NF reject, the NF reject constitutes the 

25 feed to the second stage NF after passing it through the turbocharger unit or booster pump or through a combination 

thereof to boost its pressure to 35 ± 1 0 bar, and the product from this second stage NF unit combined with the NF 
product from the first NF stage constitutes the first water product 

4. An optimal desalination system as in Claims 1 , 2 and 3, utilizing NF membranes of moderate to high product flow 
30 and high rejection of scale forming hardness ions: S0 4 =, by over 90%, and other hardness ions in the order of 60 

to 98%, white membranes in the second stage NF are also characterized by high rejection of scale forming hardness 
ions S0 4 s up to 90% and other hardness ions also up to 60 to 98 % at moderate product flow. 

5. An optimal desalination method and apparatus in which as in Claim 1 , the first SWRO stage comprises a high 
35 pressure pump to deliver feed at P = 55 ± 1 0 bar to the SWRO unit to produce from it, a SWRO product and reject 

streams; passing the SWRO reject stream through a turbocharger or booster pump or combination thereof to boost 
its pressure, by the energy recovered from second SWRO stage reject, to 90 ± 1 0 bar before feeding it to the second 
stage SWRO unit to form from the combined product of first and second SWRO stages a SWRO product of potable 
quality and to form a third water product of SWRO reject from the brine of the second stage SWRO unit. 

40 

6. An optimal desalination system as in Claim 1 utilizing in the first stage SWRO a commercial SWRO membrane of 
the type used in conventional one stage SWRO plants, having a high salt rejection of 99.0% or more and can 
withstand pressure up to 70 bar, while high pressure tolerant up to 90±10 bar, SWRO membrane is utilized in the 
second stage SWRO. 

45 

7. An optimal seawater desalination system as in Claim 1 utilizing pressure vessels in 1 st and 2 nd stage SWRO that 
can withstand pressure of up to 70 and 100 bar, respectively. 

8. An optimal seawater desalination system as in Claim 2, wherein the one stage SWRO unit has the form and ar- 
50 rangement as shown in Figure 2. 

9. An optimal seawater desalination system as in Claim 8, wherein the SWRO membrane and pressure vessels can 
tolerate pressure up to 85 bar. 

55 1 o. An optimal seawater desalination system as in Claim 2, wherein the one stage SWRO has the form and arrangement 
as shown in Figure 3. 

1 1. An optimal seawater desalination system as in Claim 1 0, wherein the SWRO membrane and pressure vessels can 
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tolerate pressure up to 70 bar. 

12. An optimal seawater desalination system as In Claims 10 and 11, wherein part of the SWRO reject (third water 
product of SWRO reject) is recycled back under its own pressure and is blended with seawater feed to form the 

5 feed to the NF unit as shown in Figure 3. 

13. An optimal desalination system as in Claims 1 and 2 wherein said saline water comprises seawater. . 

14. An optimal desalination system as in Claim 13 wherein said seawater has a total dissolved solids content on the 
w order of 2.0% - 5.0%. 

15. An optimal desalination system as in Claim 13 wherein said seawater solution has a cation content on the order of 
1 .2% - 1 .7%, an anion content on the order of 2.2% - 2.8%, a pH on the order of 7.9 - 8.2, comparable to a total 
dissolved solids content on the order of 2.0% - 5.0%. 

15 

16. An optima! desalination system as in Claim 15 further comprising said cation content including 700-2200 ppm of 
calcium and magnesium cations. 

17. An optimal desalination system as in Claims 13 and 15 wherein, with respect to said seawater properties, calcium, 
20 magnesium, sulfate and bicarbonate ion content is reduced by the NF 2 unit on the order of 63% -99%, and total 

dissolved solids content is reduced by about 30% - 50%. 

18. An optimal desalination system as in Claims 1 and 2 wherein said nanofiltration unit is operated at a temperature 
on the order of 1 5°C - 40 °C. 

25 

19. An optimal desalination system as in Claims 1 and 2 wherein said seawater reverse osmosis unit is operated at a 
temperature on the order of 15°C - 40 °C. 

20. A desalination process as in Claims 1 and 2 wherein said second water product comprises potable water (SWRO 
so permeate) and its product recovery ratio as compared to the seawater feed is on the order of 50% or better. 

21. A desalination process as in Claim 2 wherein said third water product comprises SWRO reject of high salinity but 
drastically low in scale forming hardness ions of SO^, HC0 3 - , Mg++ and Ca++. 
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